Vertical profiles of stratospheric water vapour measured by the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) with the full resolution mode between September 2002 and March 2004 and retrieved with the IMK/IAA scientific retrieval processor were compared to a number of independent measurements in order to estimate the bias and to validate the existing precision estimates of the MIPAS data. The estimated precision for MIPAS is 5 to 10% in the stratosphere, depending on altitude, latitude, and season. In Situ Hygrometer (FISH). For the in-situ measurements and the ground based, air-and balloon borne remote sensing instruments, the measurements are restricted to central and northern Europe. The comparisons to satellite-borne instruments are predominantly at mid-to high latitudes on both hemispheres. In the stratosphere there is no clear indication of a bias in MIPAS data, because the independent measurements in some cases are drier and in some cases are moister than the MIPAS measurements. Compared to the infrared measurements of MIPAS, measurements in the Published by Copernicus Publications on behalf of the European Geosciences Union. source: https://doi.org/10.7892/boris.37612 | downloaded: 21.2.2020 380 M. Milz et al.: Validation of IMK MIPAS water vapour
Introduction
Water vapour in the upper troposphere and stratosphere is of great importance for several reasons. It is a greenhouse gas and plays a dominant role in the radiative budget of the Earth. In the troposphere water vapour and clouds are part of the hydrological cycle. In the stratosphere water vapour is a good tracer for atmospheric motions, e.g. for diagnosing stratosphere-troposphere exchange processes and large scale circulation. Stratospheric water vapour influences the atmospheric chemistry e.g. due to its role in the formation of polar stratospheric clouds (PSCs) and in providing HO x which plays a role in stratospheric chemistry.
Satellite-borne instruments offer the opportunity to measure stratospheric water vapour with global coverage. One such instrument is the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) on board the research satellite Envisat, operated by the European Space Agency (ESA). MIPAS is a Fourier transform spectrometer operating in a limb-viewing mode, measuring the emission of the Earth's atmosphere in the infrared (Fischer et al., 2008) . Envisat was launched on 1 March 2002 and operates at an altitude of approximately 800 km in a sun-synchronous polar orbit with equatorial local crossing times of 10:00 and 22:00 in descending and ascending node, respectively. The orbital period is about 100 min. The measurement time of one single limb scan is about 75 s and -in the original nominal measurement mode used from July 2002 to 25 March 2004consists of 17 tangent altitudes between 6 and 68 km, with 3 km spacing from 6 to 42 km and coarser spacing above. The vertical instantaneous field of view (FOV) is approximately 3 km. The generation of calibrated radiance spectra, so-called level 1b data, is performed by ESA (Nett et al., 1999) , as well as the retrieval of vertical profiles of temperature and atmospheric constituents including water vapour (Ridolfi et al., 2000; Raspollini et al., 2006) . Besides ESA, several institutes operate their own scientific data processors for retrieval of atmospheric state variables (von Clarmann et al., 2003) . One of these processors is the scientific MIPAS processor -developed by the "Institut für Meteorologie und Klimaforschung", Karlsruhe, Germany (IMK) and the "In-stituto de Astrofísica de Andalucía", Granada, Spain (IAA) -of which the H 2 O data product is validated in this paper.
IMK/IAA water vapour data
A description of the retrieval approach for IMK/IAA water vapour products can be found in Milz et al. (2005) . The IMK processing aims at the retrieval of reliable H 2 O data in a wider altitude range than possible with operational processing under ESA responsibility. Furthermore, the accessibility of diagnostic data such as averaging kernels and covariance matrices for each individual profile are an advantage of IMK/IAA data in the context of quantitative scientific use. However, the disadvantage of the IMK/IAA data set is its limited temporal coverage. Since the production of the IMK/IAA data set requires much more computational resources than that of ESA data, only particular episodes have been analyzed so far. The main differences with respect to the operational H 2 O retrieval under ESA responsibility are (1) a different choice of spectral lines used for analysis, (2) the representation of the vertical profile on a fine vertical grid (1 km from 6-42 km altitude) independent of the actual tangent altitudes, (3) application of regularization instead of a pure maximum likelihood retrieval, and (4) a different choice of retrieval parameters such as cloud detection parameters (Spang et al., 2004) or convergence criteria. The IMK/IAA data sets are available to registered users on http://www-imk.fzk.de/asf/sat/envisat-data/.
The data presented in Milz et al. (2005) are IMK version H2O V1 5 and H2O V2 5 and were retrieved based on ESA near real time level 1b products. The data used in this paper are H2O V3O 13 and are based on ESA level 1b spectra obtained from the off-line processing. The spectra are expected to be of better and consistent quality for the whole period covered by MIPAS full resolution measurements. The retrieval of water vapour at IMK/IAA has been improved since the work of Milz et al. (2005) . Firstly, improved spectra have become available from offline level 1 reprocessing. Secondly, upgrades in the retrieval strategy have been implemented since then. This includes a different selection of spectral regions used for analysis, the so-called microwindows. Two microwindows (1594.450-1594.550 cm −1 , 1653.300-1653.400 cm −1 ) have been dropped from the list because they would require modeling of non-local thermodynamic equilibrium of both H 2 O and the interfering species NO 2 which was added as a jointfit parameter. Furthermore, the altitude-dependent selection of microwindows has been altered to better exclude saturated spectral lines. From version H2O V3O 13 on, the logarithm of water vapour volume mixing ratio (VMR) is retrieved instead of the VMR itself. In a log retrieval, the resolution affects relative rather than absolute changes in the atmospheric state, and the dependence on the atmospheric state thus is implicit and has not to be considered explicitly. This implies an altitude-dependent regularization of the VMR profile without requiring knowledge of the exact altitude of the the water vapour minimum (so-called hygropause (Kley et al., 1979) ). This has finally led to an improved altitude resolution.
In Fig. 1 the mean differences between old (H2O V1 5/H2O V2 5) and new (H2O V3O V13) retrievals are shown for nearly 1000 individual profiles. The profiles used are globally distributed and differences in daytime and nighttime measurements were not considered. In the middle and upper stratosphere from about 20 to 55 km the results agree very well. The high bias of 3 to 5% of results obtained with H2O V1/2 5 compared to H2O V3O 13 reflects improvements as water vapour profiles obtained by H2O V1/2 5 were found to be slightly biased high.
The difference in the lower stratosphere and tropopause region is significantly larger. This difference reflects the reduced regularization strength and therefore improved vertical resolution. The tropopause region with the hygropause is better resolved by the new retrieval approach. The altitude resolution of MIPAS H2O V3O 13 profiles varies between 3.5-4.5 km.
Differences between the versions of water vapour profiles above the stratopause are more pronounced. Here the old retrieval setup has a strong dry bias of up to 40%. This is explained by non-local thermodynamic equilibrium emissions in some of the spectral regions selected in the new retrieval setup which were chosen because of their large sensitivity. However, The problem of non-local thermodynamic equilibrium emissions became evident only after the data set to be validated had already been analyzed. Data version H2O V3O V13 has been optimized to study processes in the upper troposphere and the stratosphere. Results retrieved at mesospheric altitudes are less reliable and should be used with particular care. This paper focuses on the water vapour in the stratosphere above the hygropause. Most recent IMK data versions are also characterized in terms of horizontal smearing. In Table 1 we report the horizontal resolution in terms of the full width at half maximum (FWHM) of the relevant row of the horizontal averaging kernel matrix, and the displacement as the horizontal distance of the median of the row of the horizontal averaging kernel matrix and the nominal geolocation of the limb scan (von Clarmann et al., 2009) .
Retrieval
For representation of the retrieval we use Rodgers (2000) terminology and notation:
Herex= log VMR(H 2 O) contains the logarithm of the vertical profile volume mixing ratios of H 2 O. I is unity. x a contains the logarithm of the a priori profile and x the logarithm of the actual atmospheric profile. is the measurement noise. G is the gain matrix of the retrieval
and A is the averaging kernel matrix
where K is the Jacobian matrix, S the covariance matrix of the measurement (Rodgers, 2000) . The regularization term R is a squared and scaled first order difference matrix (Milz et al., 2005) . They describe the effect of limited resolution of the measurement and noise, respectively. For ground based measurements and non-satellite platforms, the coincidence criterion is set to: a maximum of 6 h in time, a maximum of 800 km in distance with a maximum latitudinal difference of 4 • in order to obtain a sufficient amount of collocations. Measurements from satellite instruments were used with a more stringent coincidence criterion of 400 km in distance and a maximum latitudinal difference of 2 • which still provides sufficient coincidences for statistical analysis. The more stringent coincidence criterion with respect to latitudinal difference considers the fact that latitudinal variations are more pronounced than longitudinal ones. However, we are aware that dynamical features such as the position of the subtropical and polar jet streams introduce longitudinal variations in air masses.
Strategy
Terminology and formalism for this study are used as suggested by von Clarmann (2006) . Bias is understood to be the mean deviation of the measurement from the truth. Since the truth is not known, the bias can also be expressed relative to an independent measurement and then is the mean deviation of the profiles. Precision is the reproducibility of a measurement, i.e. the expectation value of the bias-corrected root-mean squares difference between MIPAS profiles and the true water vapour profiles. Effects of finite resolution are considered (Rodgers and Connor, 2003) , as described in Sect. 4.3. In a first step the bias between MIPAS and the validation data is determined, such that it can be corrected for in the second step which is precision validation. The bias between two data sets from a sample of K coincident pairs of measurements is
wherex MIPAS are the water vapour profiles retrieved from MIPAS using the IMK/IAA retrieval processor, andx ref;k are the coincident profiles measured by the reference instrument. The statistical uncertainty of the biasσ bias;n , at altitude gridpoint n, is estimated as
In other words,σ bias;n is estimated as the standard error of the difference between the two data sets. As pointed out by von Clarmann (2006) , this assessment does not need any error estimates ofx MIPAS orx ref . For percentage multiplicative bias estimates we use the percentage mean difference rather than the mean percentage difference. With the bias between two instruments available, the precision at altitude gridpoint n is validated by altitude-wise testing of the de-biased mean squares difference of the coincident measurements against the ex ante estimate of the variance of the difference in a χ 2 sense:
indicate the expectation value for χ 2 which is the number of degrees of freedom. In this case this is K−1, since the bias which has been subtracted had been determined from the same set of data. Ideally, (σ 2 diff;n ) represents the combination of the ex ante estimates of the variance of random error sources affecting the comparison of the data sets, including the following additive components: the random error variance of MIPAS water vapour, the random error variance of the water vapour abundance measured with the reference instrument, the variance representing the expected difference due to less than perfect coincidence, and, if applicable, the smoothing error of the difference. Unfortunately estimates are not available for each error type. The MIPAS estimated random error includes measurement noise, as well as uncertainties of temperature, horizontal inhomogeneities of the temperature field, interfering species, and elevation of the line of sight. For MIPAS, the total random error is in the range of approximately 5 to 10% in the stratosphere. Around the tropopause the error can be larger (see e.g. Milz et al., 2005, Fig. 6 for mid-latitudinal conditions). The error sources considered for the reference instruments varies from instrument to instrument and is reported in the respective section. χ 2 describes the validation of the assumed random errors provided with the data sets. For precision validation we use the so-called reduced χ 2 , which is χ 2 divided by the degrees of freedom (dgf ), and of which the expectation value is one:
Again, due to the preceding bias correction, dgf =K−1. The 95% percentile of the χ 2 distribution is used to assess the agreement of the de-biased data. The quantiles of the χ 2 distribution as a function of the number of degrees of freedom are calculated with a standard program library for each altitude level. The number of measurements, and thus the degrees of freedom used for a certain altitude gridpoint depends on the altitude range covered by the individual limb scan. Especially at low altitudes cloud occurrence can exclude parts of a profile which is valid at higher altitudes.
Altitude resolution and a priori content
For the retrieval of water vapour from MIPAS measurements the IMK/IAA retrieval processor uses a priori information. The same is true for some of the validation instruments. In order to avoid artefacts in the differences between H 2 O profiles, we transfer the profiles to a common a priori whenever all required data (averaging kernels, a priori profiles) of the comparison data set are available (Rodgers, 2000) .
wherex n is the profilex val transferred to the a priori x a,ref of the reference instrument. x a,val is the a priori profile of the measurement to be validated and A val is the averaging kernel matrix of the measurement to be validated. Even after this transformation, the profiles are not yet directly comparable, because they still contain a different amount of a priori information and the altitude resolution of the profiles still can be different. Further, Eq. (8) is a linear transformation but the profile differences may be larger than the range of applicability of linear theory. The averaging kernel matrix A val is modified during the iteration process. Here the averaging kernel calculated for the last iteration is used for MIPAS. Rodgers (2000) suggests to evaluate the smoothing error of the difference profile in terms of covariance matrix S smooth . Since the required climatological covariance is difficult to obtain and the averaging kernel is not available for most of the reference instruments, we did not apply the according equation. Instead we classify the independent measurements as follows: (a) HALOE, ACE-FTS, ILAS-II, POAM III and MIPAS-B are also satellite-borne limb sounders which have a similar but slightly better vertical resolution than MIPAS. In this case we compare the profiles directly at altitudes where the profiles are quite smooth such that they can be well resolved by both instruments. For this direct comparison, we exclude the hygropause region, because differences at sharp structures in the water vapour profile are most probably an artefact due to the different altitude resolution. In addition comparisons of MIPAS to the profile of the comparison instrument smoothed by the MIPAS averaging kernels are studied in order to better understand the effect of different altitude resolution.
(b) The microwave radiometers MIAWARA and AMSOS have much poorer altitude resolution than MIPAS. For these comparisons the higher resolved MIPAS profile is brought to the resolution of the low resolution instrument by the following equation (Rodgers and Connor, 2003 ):
x hr,degraded = x a,lr + A lr,hr (x hr − x a,lr,interpolated ).
(9)
x hr andx hr,degraded are the original and degraded high resolution profiles, respectively. x a,lr is the a priori profile of the low resolution measurement, and x a,lr,interpolated is the a priori profile of the low resolution measurement interpolated to the vertical grid of the high resolution profiles. A lr,hr is the related averaging kernel matrix which has been modified to enable multiplication of the low resolution averaging kernel with the high resolved measurementx hr . The rows of the matrix A lr were linearly interpolated to the altitude grid representing the high resolved profile. The retrieval error covariance matrix S of the high resolution measurement is transformed accordingly:
(c) The in situ sensors FLASH-B, NOAA frostpoint hygrometer and FISH have a much better altitude resolution than MIPAS. For these comparisons, the in situ measurements are degraded to the altitude resolution of MIPAS, using Eq. (9).
Results and discussion

Comparison with satellite borne remote sensing instruments
HALOE
The Halogen Occultation Experiment (HALOE) on board the Upper Atmosphere Research Satellite (UARS) was launched in 1991 and was operated from 1992 to 2005. HALOE was operating in solar occultation geometry and measured water vapour profiles during sunrise and sunset events relative to the satellite (Russell III et al., 1993) . For the coincidences considered in this study, sunrise measurements occur mostly in the Northern Hemisphere, sunset events mostly in the Southern Hemisphere. The altitude resolution of HALOE H 2 O profiles is 2.3 km. This allows direct comparison of profiles throughout the stratosphere except near the hygropause.
For HALOE sunrise measurements, a total of 247 collocated profiles from MIPAS and HALOE was found. Below 16 km the agreement of both instruments is comparatively poor because both instruments resolve the hygropause differently, and information on the highly variable tropospheric water vapour content is mapped differently into the altitude range under investigation. As a consequence, we restrict our discussion to altitudes which can be clearly assigned to the stratosphere. As most coincidences are located at midand high latitudes, the hygropause is assumed to be below 15 km; thus only results at 16 km and higher are compared. In the stratosphere, the mean profiles of both instruments agree generally well and reflect similar vertical structures. In the stratosphere between about 23 and 55 km altitude MI-PAS has a positive bias of approx. 0.5 ppmv or 10%. Around 45 km the bias is slightly larger with values up to 0.7 ppmv (see Fig. 2 ). Below 23 km different structures in the averaged profiles do not show a clear bias. The differences here are determined by the different reproduction of the increase in H 2 O directly above the tropopause region introduced by the different height resolution of the instruments. The χ 2 analysis was performed using the random part of the total error for HALOE and is shown in Fig. 3 . According to Harries et al. (1996) and SPARC (2000) the random part of the total error is in the range of 14 to 27% in the stratosphere with the smallest errors in the middle to upper stratosphere.
The dotted lines show the 95% confidence interval of the χ 2 red. distribution function. For all altitudes between 19 and 57 km the χ 2 red. values are below the lower confidence limit. This indicates that the assumed errors are larger than the actual precision. Between 14 and 19 km and above 57 km the χ 2 red. is close to the lower limit or within the limits. Here the assumed errors seem to be realistic. Only at altitudes below 14 km the χ 2 red. values exceed the upper confidence limit indicating that the assumed errors of the difference profiles may be too optimistic. However, this is the tropopause region with its large natural variability which is not discussed in this study. The HALOE random error estimates contain measurement noise, tracker noise, CH 4 random error, and aerosol correction uncertainty.
Comparison with HALOE sunset measurements, provided a total of 236 collocated profiles from both instruments meeting the coincidence criteria. As described above, only altitudes clearly attributed to the stratosphere are relevant. As was found for the HALOE sunrise measurements, MIPAS H 2 O is biased wet compared to HALOE also for the sunset measurements ( Fig. 4 ) by about 0.5 ppmv or 10%, respectively. Around 20 km the agreement is better than for sunrise measurements. The χ 2 analysis shown in Fig. 5 indicates overestimation of the combined random error at all altitudes between 15 and 70 km.
ACE-FTS
The Fourier Transform Spectrometer (FTS) on board the Atmospheric Chemistry Experiment (ACE) satellite (ACE-FTS) was launched on 12 August 2003 orbiting at ca. 650 km altitude with an inclination of ca. 74 • . Since February 2004, ACE-FTS has measured in solar occultation mode. Among the measured species are vertical profiles of water vapour.
Here we consider only measurements recorded during satellite's sunrise events. The vertical resolution of retrieved water vapour profiles is assumed to be in the range of 3-4 km for ACE-FTS which is similar to that of the MIPAS measurements. Therefore the approach of direct comparison of profiles was chosen.
Similar to HALOE sunrise measurements ACE-FTS profiles are mainly measured at northern mid-latitudes and high latitudes. Figure 6 shows the mean profiles and bias validation of 356 collocated measurements from February/March 2004, mostly during Arctic winter. The coincidence period was limited by the switch-off of MIPAS due to an instrument failure at the end of March 2004. Contrary to HALOE, ACE-FTS measures higher water vapour than MIPAS below 15 km. Strong discrepancies at these altitudes hint at the general problems in remotely sounding the hygropause in limb geometry. Between 16 and 60 km, ACE-FTS and MIPAS water vapour profiles are in good agreement. The differences (0.3 ppmv or 5%) are not significant except for the range between 21 and 25 km, where the bias is slightly larger than its standard error. The feature around 50 km is observed by both instruments. In Fig. 7 the χ 2 analysis for the comparison of ACE-FTS is shown. Generally the calculated χ 2 red. values are found to be larger than the 95% confidence limits of the χ 2 red.distribution, most probably because the ACE error budget includes only measurement noise with no further types of random errors . For the considered altitudes above approximately 15 km the noise is in the range of 1 to 3%. Beyond this, the differences due to less than perfect coincidences will contribute to the differences, particularly if there is large variability of the atmospheric state.
These results confirm the work of Carleer et al. (2008) who compared MIPAS water vapour profiles version H2O V3O 13 to ACE-FTS. These authors found a mean multiplicative bias of 3.3% of ACE-FTS with respect to MI-PAS in the altitude range 14 to 68 km. Both instruments agree very well within their respective standard deviations (5-15% for ACE-FTS and 15% for MIPAS).
ILAS-II
The Improved Limb Atmospheric Spectrometer-II (ILAS-II) was launched on the Advanced Earth Observing Satellite-II (ADEOS-II) on 14 December 2002. ADEOS-II had a sun-synchronous orbit with 98.7 • inclination at an average altitude of 803 km. ILAS-II measured from January 2003 to October 2003 (Nakajima et al., 2006) . It used the same measurement principle as HALOE and ACE-FTS, measuring in solar occultation, during sunrise and sunset relative to the satellite. From April to October 2003 ILAS-II measured continuously with 14 sunrise and sunset occultations per day, respectively, using four channels, three in the infrared (778-782 cm −1 , 850-1610 cm −1 , 1754-3333 cm −1 ) and one in the visible. (12 755-13 280 cm −1 ). The vertical profiles discussed here were obtained using the infrared channel covering the range from 850 to 1610 cm −1 and are version 2. The altitude range from 15 to 55 km is covered with an instantaneous FOV of 1 km in the vertical and 13 km in the horizontal. For this altitude range the total error is between 3 and 20% with a minimum around 30 km and largest uncertainties towards the stratopause and further increasing above. Water vapour profiles measured during sunrise are located in the Northern Hemisphere while sunset measurements are in the Southern Hemisphere. The profiles were retrieved using an onion peeling algorithm (Yokota et al., 2002) . ILAS-II water vapour products have been compared to MIPAS H2O V3O 11 profiles by Griesfeller et al. (2008) . Due to the changes in the retrieval setup from version H2O V3O 11 to H2O V3O 13 the comparison is redone. Water vapour profiles measured during sunrise appear to have different characteristics than those measured during sunset (Griesfeller et al., 2008) . Therefore measurements from each hemisphere are compared separately. The vertical resolution of ILAS-II H 2 O profiles is 1.3 to 2.9 km (Nakajima et al., 2006) which is finer than that of MIPAS but still close enough to justify direct comparison of profiles all over the stratosphere except near the hygropause. This study compares MIPAS measurements both to the original ILAS-II profiles and the ILAS-II profiles smoothed by the MIPAS averaging kernels.
The majority of the 370 collocated measurements of MI-PAS and ILAS-II sunset scans in the Southern Hemisphere are located inside the polar vortex as most ILAS-II measurements were taken during Austral winter and spring at high latitudes (Griesfeller et al., 2008) . In Fig. 8 the averaged profiles (ILAS: blue, MIPAS: black) and bias profiles (blue) of the collocated measurements are shown. The averaged profiles of both instruments reveal comparatively dry air masses in the lower stratosphere inside the polar vortex which are a result of the dehydration processes related to the formation of PSC and subsequent fall out of growing ice particles during Austral winter. Above approximately 25 km the profiles are shaped as expected for unperturbed conditions. However, the profiles are quite different at altitudes affected by dehydration as well as at altitudes above the dehydrated air masses. Above 25 km MIPAS measures up to 20% more H 2 O. Above 45 km MIPAS tends to measure up to 20% less H 2 O. The H 2 O maximum in terms of VMR is around 40 km in the MI-PAS profiles and around 55 km in the ILAS-II profiles.
Below 25 km ILAS-II shows a distinctive drop in observed water vapour VMR down to values of about 1 ppmv at 18 km. The decrease in the MIPAS mean profile is weaker, reaching values around 1.5 ppmv at 15 km. Here the different vertical resolution may lead to different profile shapes. The MIPAS vertical resolution is poorer here since at low temperatures inside the polar vortex and its remnants the measurements of thermal emission are less sensitive, implying a stronger effect of the constraint applied to the retrieval. Below 25 km MIPAS is wetter by up to 1.5 ppmv at 18 km, which exceeds 50% in relative terms due to the low absolute values.
Generally, the calculated χ 2 red. values are larger than the upper confidence limit (see Fig. 9 , blue line). Only around 17 km are the χ 2 red. values smaller dropping below the lower confidence limit.
In order to investigate the effect of the different vertical resolutions, also a comparison of MIPAS profiles to ILAS-II profiles smoothed by MIPAS averaging kernels according to Eq. (9) has been performed. The comparison of the averaged profiles for MIPAS and ILAS-II smoothed by application of MIPAS averaging kernels are shown in Fig. 8 with red lines for the smoothed ILAS-II profiles. Above 27 km the mean differences are quite similar to those obtained from the comparison to the original ILAS-II profiles. Here the atmospheric structures appear to have vertical extents large enough to be resolved also by MIPAS. Below 23 km, the sharp dehydration signal of the air masses visible in the original ILAS-II data is smoothed. The profile shapes of MI-PAS and ILAS-II are now similar, while MIPAS measures about 1 ppmv more H 2 O throughout the altitude range from 10 to 40 km. The maximal difference of 1.5 ppmv is found at around 30 km. Also for this comparison the χ 2 -test suggests underestimated random errors or disregarded error sources for one of the instruments compared or due to less than perfect co-incidences ( Fig. 9, red line) . Either the error estimates are not representative for the very cold polar vortex which is characterized by large horizontal gradients of atmospheric state variables, and which make limb retrievals a challenge, or the large horizontal gradients imply typically large profile difference because of insufficient coincidence of the measurements.
Most (193) measurements of ILAS-II obtained during satellite sunrise were recorded in the Northern Hemisphere. Above 40 km MIPAS has a large positive bias with differences of up to 2 ppmv at 50 km (Fig. 10, blue line) . As discussed above, the MIPAS results at altitudes above approximately 53 km are affected by non-LTE effects, and the limited vertical resolution may map enhanced values from high altitudes down to the upper stratosphere. Between 15 km and 26 km both instruments agree very well with a relative bias below 3%, which lacks significance. Around 30 km, MIPAS measures more water vapour by up to 10% or 0.5 ppmv, respectively. Below 15 km the mean difference is huge (−15% to +20%) but, in view of the uncertainty of the bias, not significant. The precision validation in Fig. 11 (blue line) indicates that the ex ante error estimates have been quite reliable between 15 and 26 km. Here the χ 2 red. -values are well within the estimated confidence limits. Contrary to the satellite instruments discussed in the previous sections, the ILAS-II error budget includes, besides the retrieval noise, also the propagation of temperature errors and errors due to uncertain abundances of interfering species. This might explain why the χ 2 red. -values of this comparison are much smaller. The fact that the χ 2 red. -values found for the Northern Hemisphere are much smaller than those found for the Southern Hemisphere is attributed to the inappropriate representation of the particular atmospheric condition of polar vortex air by the global error estimates. If there was a general problem with the MIPAS or ILAS-II error estimates, also the Northern hemispheric χ 2 red. -values would be larger. Below 15 km the calculated χ 2 red. exceeds the confidence limit of a χ 2 red. -distribution also for the Northern Hemisphere. Possible explanations are less than perfect coincidences in an altitude range where large horizontal variability is expected, and the different capability of the instruments to resolve the hygropause. In order to test the latter explanation, again a comparison of MIPAS profiles to ILAS-II profiles smoothed by the MIPAS averaging kernels has been performed. The mean differences (Fig. 10 , red lines) remain quite similar except for the hygropause region, where this approach suffers from border effects. The calculated χ 2 red. -values ( Fig. 11 , red line) are larger than for the direct comparison, suggesting that the smoothing approach chosen, which assumes that ILAS-II is an ideal instrument with infinite resolving power, might not always be appropriate, particularly not near the hygropause region. Griesfeller et al. (2008) used for their comparison IMK-IAA water vapour profiles of version H2O V3O 11. For the Northern Hemisphere measurements, the agreement between 15 and 27 km is very good in both studies. For altitudes between 30 and 40 km H2O V3O 13 has a slightly larger wet bias of 10 to 15% compared to 5 to 10% for H2O V3O 11. For the Southern Hemisphere measurements, the discrepancies between ILAS-II and MIPAS were quite large. The biases are at all altitudes similar for both versions of the IMK/IAA water vapour.
POAM III
The Polar Ozone and Aerosol Measurement III (POAM III) instrument is situated on the satellite SPOT-4 which was launched in spring 1998 using a sun-synchronous orbit with an 98.7 • inclination at 833 km altitude. POAM III operates, similar to HALOE, ACE-FTS, and ILAS-II, in solar occultation but unlike the aforementioned instruments the spectral channels of POAM III cover the visible and near infrared from 354 to 1018 nm. The two channels used for water vapour retrievals are located at 922.4 nm and 935.9 nm, respectively. POAM III records 14 sunrise and 14 sunset measurements per day. The altitude range covered for water vapour is 5 to 45 km. Sunset measurements relative to the instruments are located in the Southern Hemisphere (63 • to 88 • S) and sunrise measurements are confined to Northern Hemisphere (55 • to 71 • N). However, Northern Hemisphere measurements correspond to local sunset (Lucke et al., 1999; Lumpe et al., 2006) .
The vertical resolution of POAM III is 1-1.5 km between 10 and 30 km, 3 km at 40 km and 5 km at 45 km (Lumpe et al., 2006) , which is slightly better than that of MIPAS. Both direct comparison of MIPAS and POAM III H 2 O pro- Comparisons of POAM III measurements with HALOE and SAGE II (Stratospheric Aerosol and Gas Experiment II) indicate that measurements on the Southern Hemisphere show a positive bias of 5 to 10% compared to POAM III measurements from the Northern Hemisphere (Lumpe et al., 2006) . Therefore measurements in the different hemispheres are treated separately. Figure 12 shows the bias determination between MIPAS and original POAM III sunrise measurements (blue lines). For this comparison a set of 244 suitable coincidences was used. For altitudes above 42 km MIPAS H 2 O is larger by up to 1 ppmv (+15%). Below 39 km the sign of the bias flips and MIPAS reports less H 2 O. The value of this negative bias varies with altitude as different structures appear in the averaged profiles of both instruments. The maximum mean difference is approximately 0.75 ppmv (15%) at around 23 km, related to a prominent structure in the POAM III mean profile. A minimum in the mean difference occurs at 17 km with less than 0.1 ppmv (3%) and rapidly increasing for altitudes below.
The corresponding χ 2 test is shown in Fig. 13 (blue line) . The χ 2 red. was calculated with the total random error for POAM III provided with the data. The error range is between 4 and 7% (Lumpe et al., 2006) . For altitudes below 13 km the calculated χ 2 red. values exceed the upper confidence limit. This is explained by the different altitude resolution, which is particularly important near the hygropause. Above 13 km the values are in the range of the confidence limits. However, below 30 km the values tend to be slightly smaller than the lower confidence limit, indicating that the combined errors for POAM III and MIPAS are too pessimistic in this altitude range. Between 30 km and 36 km the χ 2 red. values are slightly larger than the upper confidence limit, and around 40 km they are too low again.
In Fig. 12 red lines show the bias determination for the same set of collocated Northern hemispheric POAM III profiles after smoothing using the MIPAS averaging kernels and a priori profiles before averaging. The general shape of the bias profile is similar to the one described for the original POAM III profiles. However, some of the structures visible for the untreated profiles (blue) have been smoothed out. The prominent bump is weaker. The maximum difference of 0.7 ppmv or 15% is found at 23 km. The differences above ca. 40 km and below 15 km are not discussed since the nominal altitude range of POAM III H 2 O is 10-45 km, and smoothing with the MIPAS averaging kernels introduces a boundary effect in a sense that possible erroneous profile values from outside the POAM III nominal altitude range are mapped into the altitude range.
The precision validation for smoothed Northern Hemisphere measurements in Fig. 13 (red line) shows similar vertical distributions as for the original profiles. Between 30 and 43 km the χ 2 red. values are inside the confidence limits. Below 30 km the values are smaller than the lower confidence limit.
For POAM III measurements of water vapour during satellite sunset a total of 329 coincidences was used. The bias and precision determination for POAM III Southern Hemisphere measurements are displayed with blue lines in Figs. 14 and  15 . At all altitudes above 12 km POAM III observes larger H 2 O abundances than MIPAS. Above 26 km the estimated bias between MIPAS and POAM III exhibits a similar alti- tude distribution as for Northern Hemisphere measurements. As described by Lumpe et al. (2006) , the values of the averaged POAM III measurements from the Southern Hemisphere are larger at all altitudes introducing a positive bias of 5 to 10% compared to the water vapour profile from Northern Hemisphere measurements by POAM III. However, between 20 and 26 km, the averaged POAM III measurements reveal a strong maximum with values up to 8 ppmv leading to maximum difference of up to 2.5 ppmv (50%). This structure is not observed by MIPAS. Also between 12 and 20 km the POAM III H 2 O abundances are still larger than those of MIPAS.
The χ 2 red. values used for precision validation are far larger than the confidence range for all altitudes except near 29 km and near 16 km. The large χ 2 red. values near 21 km occur at the same altitude as the large maximum in the bias profile.
Comparison of MIPAS with the smoothed POAM III profiles ( Figs. 14 and 15 , red lines) again shows a similar behaviour for the bias determination compared to the original profiles with small structures being smoothed but the overall shape remaining the same. χ 2 red. is dramatically reduced by the smoothing for all altitudes below 30 km, where it falls in the range of confidence or even below. This indicates that the large χ 2 red. of the comparison of the original profiles is explained by the different altitude resolution of the MIPAS and POAM III retrievals. The sounded atmosphere seems to have been characterized by H 2 O vertical profiles with pronounced small-scale structures even above the hygropause. Otherwise the effect of smoothing would not have been that dramatic. 
Comparison with ground based remote sensing instruments
MIAWARA
The Middle Atmospheric Water Vapour Radiometer (MI-AWARA) is a microwave radiometer using a water vapour line at 22.235 GHz. It is operated by the Institute of Applied Physics of the University of Bern, Switzerland and measures water vapour profiles in an altitude range from about 20 to 80 km with a vertical resolution of about 8-10 km. Further details on the instrument can be found in Deuber et al. (2004) (Deuber et al., 2005) . The data presented here are an improved version of water vapour profiles (A. Haefele, personal communication, 2007) . The measurement error for MIAWARA is in the range of 15 to 20% (Deuber et al., 2005) . For H2O V3O 13 only coincidences for the measurements during the LAUTLOS-WAVVAP campaign are available and discussed here. The vertical resolution of the H 2 O profiles retrieved from the ground based MIAWARA measurements is significantly coarser than that of MIPAS. To assess the influence of smoothing, comparisons were done both with and without prior smoothing of the better resolved MIPAS profiles by the MIAWARA averaging kernels. Figure 16 shows the bias between the MIPAS original profiles (solid lines) and MIAWARA original profiles (blue) measured in Sodankylä. For the measurements in Sodankylä 256 suitable collocated measurements were found. The measurements show a wet bias for MIPAS of 10 to 20% or 0.5 to 1 ppmv compared to the MIAWARA measurements for altitudes below 42 km. Above 43 km the sign flips and MIPAS profiles are drier by up to 35% or 1.6 ppmv. As expected, the MIPAS profile is more structured. The corresponding precision validation (Fig. 17, blue lines) shows values inside the confidence limits for altitudes between 42 and 60 km. Below 42 km the χ 2 red. -values are in general smaller than the lower confidence limit. Under consideration of the above determined bias the measurements above 42 km agree well within the estimated combined random errors.
In order to investigate which part of the differences is to be attributed to the contrast in altitude resolution, the MIPAS profiles were smoothed using the MIAWARA averaging kernels and a priori profiles, which reduced the mean differences between the profiles (Fig. 16, dashed and red line) . In particular, the prominent dip in the mean MIPAS profile around 50 km is smoothed out and no longer visible. The χ 2 red. values calculated on the basis of smoothed MIPAS profiles (Fig. 17 , red line) are smaller than the lower confidence limit for all altitudes, which suggests overestimated combined random errors. The comparison shows clearly how strong the vertical smearing of the MIAWARA retrieval influences the result. 
Comparison with airborne and balloon borne remote sensing instruments
MIPAS-B
As a precursor of the satellite-borne instrument, MIPAS-B is similar to MIPAS/Envisat in several aspects (Friedl-Vallon et al., 2004) . It covers the same spectral range with comparable spectral resolution. Its limb sounding geometry provides similar vertical scan steps during measurements and the ver- profiles are shown in Fig. 18 . For the southward viewing scan, additionally the values of the potential vorticity (PV) at certain reference altitudes were considered as two scans by MIPAS/Envisat are in about the same distance to the MIPAS-B scan. The MIPAS/Envisat measurement with the smaller difference in the PV values was used for the comparison. The PV values were obtained from ECMWF reanalysis data. Due to the small sample size, no statistical analysis was made.
On 20 and 21 March 2003, two further MIPAS-B limb measurements were made over Kiruna, Sweden. During this flight, 12 suitable coincidences were obtained. In Fig. 19 the two coincidences with the best coincidence in space, time, and potential vorticity at the tangent point are shown.
For the mid-latitudinal MIPAS-B measurements the agreement is very good and the H 2 O differences are well within the error bars of both instruments. For MIPAS-B the total random error is assumed to be between 5 and 7%. The deviation above 30 km for the northward looking scan of MIPAS-B can be explained by increasing distance between the tangent points of MIPAS-B and MIPAS/Envisat combined with a strong North-South-gradient observed in water vapour and other trace species. For the comparison of the southward looking scan of MIPAS-B similar air masses were observed according to the PV (PV at 625 K potential temperature level (approximately 25 km): 46.8 PVU (MIPAS-B)-45.8 PVU (MIPAS/Envisat)). As both instruments use the same spectral range and measurement principle and considering the fact that coincidences are very close to each other, this result was to be expected.
For the Arctic MIPAS-B measurements the two closest coincidences agree very well for altitudes below 23 km, and reasonably well (still overlapping error bars) up to 25 km. Here the PV values indicate air masses of the same origin (PV at 400 K potential temperature level (approximately 17 km): 11.0 PVU (MIPAS-B) and 10.8 PVU (MI-PAS/Envisat) ( Fig. 19, upper plot) ; 9.9 PVU (MIPAS-B) and 9.6 PVU (MIPAS/Envisat) ( Fig. 19, lower plot) ). For altitudes above 20 to 25 km the two profiles differ. Here the PV values on according levels of potential temperature indicate that the observed air masses are of different origin. (PV at 850 K potential temperature level (approximately 30 km): 522 PVU (MIPAS-B) and 593 PVU (MI-PAS/Envisat) (Fig. 19, upper plot) ; 562 PVU (MIPAS-B) and 766 PVU (MIPAS/Envisat) (Fig. 19, lower plot) ). One case, not shown here, shows good agreement for higher altitudes where the PV values of both measurements agree better, while the lower altitudes show larger differences, going along with poorer agreement in PV values.
AMSOS
The Airborne Microwave Stratospheric Observing System (AMSOS) is an upward looking passive microwave radiometer which is flown on board a Learjet-35A of the Swiss Air Force during dedicated campaigns (Vasic et al., 2005) . It uses a prominent water vapour signature around 183 GHz to determine vertical profiles of water vapour for an altitude range from the plane's flight altitude up to about 60 km.
In September 2002 a campaign of AMSOS was carried out during the measurement period of MIPAS. The campaign lasted about 1 week and latitude ranges from the Arctic to the tropics were covered (Müller et al., 2008; Feist et al., 2007) . These authors also compared their measurements to IMK-IAA water vapour profiles version H2O V3O 11 (Müller et al., 2008) . All 23 coincidences are north of 75 • N. No distinction between polar vortex measurements and non-vortex air measurements was made then.
The vertical resolution for the AMSOS is estimated to lie in the range of 8 km (lower stratosphere) to 16 km (upper stratosphere) and is therefore significantly coarser than MI-PAS. As described above for MIAWARA, the influence of smoothing is assessed by considering comparisons both of the original profiles and of the original AMSOS profiles with MIPAS profiles smoothed with AMSOS averaging kernels.
For the comparison of the original profiles, MIPAS has a wet bias of 1 to 1.3 ppmv (15 to 20%) relative to AMSOS between 15 and 50 km, except for the altitude range between 22 and 25 km, where good agreement is found (Fig. 20) . χ 2 red.
values are situated around the lower confidence limit for all altitudes for all altitudes between 15 an 50 km (Fig. 21 , blue lines), indicating realistic to conservative error estimates. For AMSOS only the observation error (measurement noise) was used which is in the range of 5 to 8% (Müller et al., 2008) .
In Fig. 20 the bias determination for smoothed MIPAS profiles is shown (dashed and red lines, respectively). The shape of the determined bias is similar to the untreated case. But as expected, some fine structures in the MIPAS profile have disappeared. Only the parts of both profiles where the information in the profile is determined by the measurement and not by the a priori were used. Therefore the profiles below 15 km and above 55 km are not discussed. The χ 2 red. values are smaller than the lower confidence limit. This may indicate that the combined random error budget for the smoothed MIPAS and the untreated AMSOS profiles is overestimating the total random error.
The comparison by Müller et al. (2008) shows similar results with a dry bias of AMSOS compared to MIPAS. For the altitude range between 20 and 30 km the bias between AM-SOS and H2O V3O 13 is smaller than in the previous study. For altitudes above approximately 30 km the biases are similar.
DLR-DIAL
Comparisons of MIPAS V3O H2O 13 data with the zenithviewing LIDAR instrument DIAL flown on the Falcon research aircraft have been published before and we repeat here the main findings. The zenithviewing water vapor differential absorption lidar (DIAL) was flown on board of the Falcon research aircraft of the Deutsches Zentrum für Luft und Raumfahrt (DLR) during the Tropical Convection, Cirrus and Nitrogen Oxides Experiment (TROCCINOX) in February/March 2004 and in Brazil. The DIAL measurements were performed alternatively on three water vapor absorption lines of different strength around 940 nm. Sensitivity analyses reveal an accuracy of 5% between altitudes of 8 and 16 km.
Five tropical DIAL under-flights of MIPAS for February/March 2004 were found. In order to improve the number of co-incidences, Kiemle et al. (2008) performed forward or backward trajectories using the NOAA HYSPLIT online transport model (Draxler and Rolph, 2003) which helped to select the closest MIPAS profiles and estimate the average distance to the DIAL measurements. Cases with distances larger than meso-scales (500 km) were rejected. Despite careful selection, situations with different meteorological conditions could not always been avoided, in particular because temporal coincidence criteria had to be rather weak (5-8 h) . The MIPAS-DIAL comparisons revealed a mean difference of approximately 8.3%±48.5% (−3.2%±48.8% above 12 km altitude) at an average distance of 315 km. The large scatter was attributed to instrument precision (assessed above), atmospheric temporal and spatial heterogeneity, and to the relatively large average distances between the probed air masses, mainly due to the large time difference between the measurements (6 h on average, making a considerable difference regarding the diurnal variation of high-reaching convection). The standard deviation of the mean (which is equal to the standard deviation divided by the square root of the number of profiles) was found to be altitude dependent between 10 and 20%. A significant bias was consequently found by Kiemle et al. (2008) only for altitudes below 12 km. 
Comparison with in situ sensors
FLASH-B
During the LAUTLOS-WAVVAP campaign several in situ sensors for measuring water vapour and/or relative humidity were launched with balloons with the aim of characterizing and validating measurements of currently used radiosonde types. One of the reference instruments used was the FLuorescent Advanced Stratospheric Hygrometer for Balloon (FLASH-B). It uses the photodissociation of water vapour molecules when exposed to radiation at the wavelength λ=121.6 nm (Lyman-α). The instrument is described by Yushkov et al. (1998 Yushkov et al. ( , 2000 .
During the ascent of the balloon-borne in situ instrument, humid tropospheric air is lifted up by the platform, which leads to a high bias in the recorded H 2 O concentrations. To avoid these artefacts, only data from the instruments descent are used for comparison.
Although water vapour profiles measured by FLASH have a very high vertical resolution, the profiles were not degraded by the MIPAS averaging kernels prior to comparison. This is, because the FLASH-B profiles cover quite a small altitude range (ca. 15 km), and edge effects of the application of the MIPAS averaging kernel would dominate the intercomparison. Due to the small sample size no meaningful statistical analysis can be made. Obviously MIPAS cannot resolve all fine structures seen by FLASH-B, but in many cases the profiles agree within their error bars (Fig. 22) . The error for the FLASH-B measurements was estimated to be 10%. In three cases MIPAS even resolves the hygropause. 
NOAA frost point hygrometer
The National Oceanic and Atmospheric Administration (NOAA) operates a cryogenic frostpoint hygrometer which has provided the long time-series of water vapour profiles over Boulder, CO, USA (Oltmans et al., 2000) . Due to its known high accuracy the NOAA frostpoint hygrometer (FPH) is often commonly used as a reference for comparison and validation of in situ water vapour measurements in the upper troposphere and lower stratosphere. Together with the FLASH-B instrument, it was operated during LAUTLOS-WAVVAC in 2004 as reference to assess the accuracy of different radiosonde humidity sensors. As for the FLASH-B instrument, only data from the instruments descent are used to avoid artefacts. Also here the original water vapour profiles measured by NOAA FPH were used for the comparison due to the edge effect with the application of the MIPAS averaging kernel. The NOAA-FPH data shown here are corrected and the sampling is reduced to represent a vertical resolution of 1/4 km (H. Vömel, personal communication, 2008) . For NOAA FPH the total error was estimated to be 10%. Due to the small sample size we were forced to perform individual profile comparison instead of statistical analysis. The agreement in the four comparisons is quite different (Fig. 23 ). Of course MIPAS cannot reproduce all the fine structures seen by the NOAA FPH but the H 2 O amounts in the lowermost stratosphere agree well within the error bars in three of four cases. In one case MIPAS even resolves the hygropause quite well. Above about 20 km MIPAS seems to have a slight dry bias compared to FLASH-B and NOAA FPH.
M55-FISH
The Fast In-Situ Hygrometer (FISH) was operated on board the Russian high altitude research aircraft Geophysica M55. FISH measures the total water amount in situ using Lyman-α-flourescence of water molecules. The Geophysica M55 aircraft is flying at altitudes up to 20 km and thus observes the stratosphere at mid-and high latitudes. As clouds are confined to the troposphere and no polar stratospheric clouds were encountered during the flights, it is assumed that stratospheric measurements represent pure water vapour measurements. During the Envisat validation campaign in October 2002 and the EUPLEX campaign in Winter 2003 measurements collocated with MIPAS/Envisat measurements were taken. Since humid tropospheric air is lifted up during the ascent by the airplane, leading to a high bias in the recorded values, only data from the descending part of the flights are used. The comparison of the original data is shown, since the boundary effects of the smoothing procedure reduces the usable altitude range to a few kilometers. The accuracy of the in situ measurements by FISH is estimated at about 8% (Voigt et al., 2007) .
In Fig. 24 the individual original high resolution FISH profiles and the best collocated MIPAS profiles are shown. The profiles from FISH reach up to the maximum flight altitude which is up to 20 km. For the relevant altitude range between approximately 10 and 20 km the profiles are close to each other. The FISH H 2 O mixing ratios tend to be slightly smaller than those of MIPAS but the differences are within the combined error bars. In some cases the hygropause is well caught by MIPAS but its limited altitude resolution certainly explains discrepancies found in other cases.
For the same reason as for FLASH-B and the NOAA FPH the high resolution of FISH was not degraded to the resolution of MIPAS to avoid edge effects for the restricted altitude range.
Comparison to ESA MIPAS water vapour products
The ESA MIPAS water vapour data product (Raspollini et al., 2006) certainly is not an independent data product because it relies on the same set of measured spectra. Nevertheless, a comparison is considered useful because it highlights differences in the retrieval settings. While both data products rely on the same level-1B product, the retrieval processors are completely independent. They share neither the forward model nor the retrieval scheme nor do these retrievals use the same microwindows. Thus, this comparison is ideal to detect biases caused by the retrieval approach itself. In order to have a sufficiently homogeneous data-set, only northern mid-latitudinal profiles (30 • -60 • N) were considered. 5644 profiles were used. As expected, the differences are much smaller over the entire altitude range as compared to most of the comparisons with independent measurements (Fig. 25 ). This is in agreement with the assumption that less than perfect coincidences along with atmospheric variability explain a large portion of the observed systematic differences found in the other comparisons. At the lower end of the profile, the logarithmic IMK-retrieval seems to better resolve the hygropause compared to the linear ESA retrieval. At 1 hPa, the ESA profiles are slightly larger than the IMK profiles. This may be attributed to the fact that the ESA retrieval assumes a known profile shape above the uppermost tangent altitude and adjusts the water vapour amount by scaling the upper branch of the profile. Any errors in the assumed profile shape trigger profile oscillations below. If this a priori assumption is systematically wrong, this can explain oscillations with a component which is in phase throughout the comparison sample and thus persists through the averaging process. The positive and negative discrepancies of only 0.3 ppmv at about 40 hPa and 4 hPa, respectively are most probably due to error propagation triggered by the differences at the higher and lower end of the profile discussed above. While the small differences between the IMK retrievals and the ESA retrievals are statistically significant and exhibit the fact that the retrieval concepts are quite different, the overall agreement provides confidence that the retrievals are basically sound in the sense that there is no major systematic peculiarity in either of them. The pattern of the MIPAS-IMK vs. MIPAS-ESA bias is not in phase with that of any of the differences between MIPAS-IMK and independent measurements, i.e. there is no evidence that it is due to a particular MIPAS-IMK retrieval artefact.
Conclusions
Bias determination
There is no clear indication of a bias of MIPAS H 2 O profiles in the stratosphere. Some instruments measure more, others measure less H 2 O than MIPAS. The most striking fact in the synergistic view on the various biases determined from different instruments is that the bias seems to be a function of the wavelength at which the comparison instrument is operated. POAM III, which operates in the visible and UV, measures more water vapour than MIPAS; the agreement with other infrared sensors is quite good in most cases (e.g. ACE-FTS, ILAS-II), and the microwave instruments (MIAWARA, AMSOS) see less water vapour than MIPAS. This hints at a possible inconsistency of the spectroscopic data used for analysis of the measurements. On the other hand, Lumpe et al. (2006) point out that an inadequate channel characterization may cause the wet bias for POAM-III. This findings suggests that the biases found between MIPAS and the comparison instruments is not a MIPAS-specific problem but a problem of a more general nature. 
Precision validation
The results of our simplified χ 2 -analysis seem a bit ambiguous. For instruments with a realistic error estimation (see Table 2 for the assigned random errors), partly including several error sources, such as HALOE, MIAWARA and AMSOS the χ 2 red. values are in the expected range or even lower. Also for Northern Hemisphere measurements of ILAS-II and POAM III the χ 2 red. values are in the expected range. These results suggest that it is very unlikely that large χ 2 red. values in other comparisons are caused by underestimated MIPAS random errors alone, since this would require largely overestimated random errors of the comparison instruments. In some cases χ 2 red. values are so high that they cannot be explained by the combined random error bars of the comparison. One possible explanations of high χ 2
red. values in some cases is that the uncertainty assigned to the comparison instrument might not cover the full random error but only some of its components. This is clearly visible for the comparison with ACE-FTS for which only the small measurement noise was available as random error. Furthermore the comparisons with Southern Hemisphere measurements of POAM III and ILAS-II suggest that here the assigned uncertainty is to small. However, for ILAS-II the variability in vicinity to the vortex boundary and the different vertical resolution of the compared instruments introduces an additional uncertainty which is not accounted for by the assumed error budgets. The latter comparisons showed also increased biases compared to the Northern Hemisphere measurements. Another explanation is that the natural variability along with less than perfect coincidences contribute to the uncertainty of the difference. Comparisons with particular good coincidences indeed stand out with particularly small H 2 O differences (MIPAS-B, FISH) at altitudes where according to the PV values similar air masses were compared. In view of these arguments, we conclude that there is no evidence of a general underestimation of MI-PAS random retrieval errors.
